This paper reports the development of nonwoven nanofibers of pure and iron-doped titanium dioxide (TiO 2 ) and evaluation of their antimicrobial attributes for using them as disinfectant gauze for wound healing upon brief activation by ultraviolet/infrared (UV/IR) illumination. It was found that the fibers exhibited superior bactericidal affinity when exposed briefly (3-12 s) to either multiphoton laser or infrared radiations. On the other hand, exposure to a UV beam for up to 20 min was not effective in mitigating the bacterial colonization of the Escherichia coli.
I. INTRODUCTION
Tissue engineering has received extensive attention in recent years as an emerging and rapidly growing field. The ultimate goal of tissue engineering as a treatment concept is to replace or restore the anatomic structure and the function of damaged, injured, or missing tissue or organs following any injury or pathological process. This is facilitated by combining biomaterials, cells, tissue, biologically active molecules, and/or stimulating mechanical forces of the tissue microenvironment. The scaffolds ought to be hierarchical, porous structures to allow seeding of cells at high densities and, upon implantation into the body, to facilitate the infiltration and formation of large numbers of blood vessels for supplying nutrients to the transplanted cells and the removal of waste products.
In this context, metal-containing nanoparticles (mostly quantum dots) have been exploited extensively. However, they still remain attractive merely as chemical, pharmacological, and medical toolboxes but not a clinical solution for diagnosis or therapy. Recent reviews have provided instructive examples of nanotechnology application in basic neurosciences and its use in addressing interesting biological questions. [1] [2] [3] [4] [5] [6] [7] One of the most promising techniques of fabrication of biodegradable and/or physiologically benign and biosorbable scaffolds is electrospinning. Electrospun fibers are found to possess features that bear morphologic similarity to the extracellular matrix (ECM) of natural tissue, such as high porosity and effective mechanical properties. Because the natural scaffold consists of a multilayered fibrous and porous architecture, the possibility of using electrospinning as a novel nanomanufacturing technique applicable to tissue engineering makes sense. The technique of electrospinning uses external electrical forces to produce novel fibers of nearly uniform diameters in the range tens of nanometers and ranging in length from several micrometers to few millimeters. Potential application of this technology in the bioengineering area includes membranes for immobilized enzymes, artificial blood vessels, antiseptic wound-dressing materials, to name a few. It is possible to assemble truly porous and nonwoven polymeric or ceramic mats with nanofeatures by this technique. The possibility of extending the concept applying nanoscale materials and systems to the biological systems in the area of tissue engineering pertaining to spinal infections is relevant. Owing to the great similarities between the makeup, morphology, and structure of the natural extracellular matrix in human body and the synthetically fabricated nanofibers, this has opened a new era in the application of nanosystems to the treatment of infections and traumatic injuries. 8 We have initiated systematic research to evaluate the prophylactic/therapeutic antimicrobial efficacy of nanostructured titanium dioxide (TiO 2 ) as an adjunctive treatment for wounds. One of the unique physical properties of TiO 2 is its photoactivated antimicrobial/disinfective activity (photocatalysis). When irradiated (photoactivated) with light of proper wavelength, reactive oxygen-free radicals are generated from TiO 2 that oxidize organic matter. This property makes TiO 2 a candidate for numerous medical applications where infection control is needed.
Constructing nonwoven TiO 2 nanofibers and nanomats possessing a three-dimensional scaffold structure and optimal porosity, in conjunction with photoactivated antimicrobial activity, could provide a significant improvement in the management of infection. A photoactive TiO 2 nanomat either can be used as an ultralight disinfectant gauze for wound healing upon brief activation by a pocket ultraviolet/infrared (UV/IR) flashlight. This will provide a significant improvement in the management of wound infection and segmental bone defects particularly in the presence of infection, where the interposed disinfectant gauze is energized upon activation by light.
This paper describes the fabrication of pure and doped titania nanofibers that possess optimal porosity and structure, using a simpler and more benign precursor than that which has been usually used in the case of titania synthesis. Also reported here is their photoactivated antimicrobial activity, with the objectivity of their ultimate application toward mitigation of wound infection and bone healing-the spinal injury in particular. Back pain related to spinal injury or degeneration is a common problem in the United States. The total annual cost of low back pain in the United States is a staggering $100 to $200 billion. 9 
II. MATERIALS AND METHODS
A. Selection and preparation of titanium and polymeric precursors
The desired pure and doped titania nanofibers were first electrospun as ceramic-polymer (cermer) composite nanofibers. Previously, the starting inorganic titanium precursor used for electrospinning titania was titanium (IV) fluoride (TiF 4 , purity 98%), described in detail elsewhere. 10 Briefly, in that process, titanium (IV) fluoride was dissolved in deionized water followed by precipitation as titanium hydroxide [Ti(OH) 4 ]. The hydrated Ti (OH) 4 As a result of the pronounced volatility of ethanol during and after the preparation, and the tendency of the solution to dry out and leave a stiff gel in the container upon prolonged storage, the PVP solution was prepared in small batches and only when electrospinning was to be carried out. In light of the fact that superparamagnetic iron oxide nanoparticles (SPION) have shown viability to prevent biofilm formation, 12 iron-doped titania nanomats were also fabricated. For this, a 1:1 molar aqueous solution of hydrated ferrous and ferric ammonium nitrates was prepared and added to titanyl nitrate prepared above, in a proportion that would yield 5 wt% Fe 3 O 4 doped TiO 2 nanomats in the fired sample. The solution was thoroughly homogenized by mixing on a magnetic stirrer for 2 h.
B. Electrospinning protocol
For electrospinning (e-spinning) experiments, the precursors were mixed in different ratios that were arrived by several optimization trials. A volume/volume (v/v) ratio of 1:2 for aqueous TN and ethanolic PVP solution and 1:3 for TN with iron nitrate and PVP was found to yield the best results. Respective mixtures were made by mixing the inorganic and organic precursors and stirring into homogeneous viscous solutions.
Each of the two mixtures was drawn into an array of ten 5 mL capacity clinical syringes. Precision-tip 25 gauge stainless steel needles were attached to each syringe, and the entire array was mounted on a programmable syringe pump (KD Scientific model 230, Holliston, MA). The preferred orientation of the syringe pump in this work was horizontal. A custom-made direct-current power supply with a high voltage system (30 kV maximum) described previously was used for e-spinning. 10, [13] [14] [15] One terminal of the power supply was connected to a metallic wire that looped through all the needles.
For the ease of sample handling and subsequent thermal processing, ceramic plates instead of metal were used as the collector terminal. Moreover, to enhance the fiber collection area, a modified collection setup was devised. Two high-density alumina containers (3 in. long Â 2 in. wide Â 0.25 in. deep) were used. The two containers were placed next to each other. Short lengths of electrical wires were attached to the back of each plate at their center by 1 sq. in. blocks of aluminum foil stuck by electrical tape. The other ends of the electrical leads were twisted into a common junction for the collector.
Using the high-voltage power supply, an electrical impulse was applied between the needle and the collectors to initiate the e-spinning. The syringe pump was started and the high-voltage supply unit was turned on. The voltage was tweaked precisely until the fibers began to form steadily and collect on the plates placed 3 in.
away from the tip of the needle; the optimized voltage in this case was found to be 18 kV. A flow rate of 0.03 mL/h was chosen. The cermer fibers were spun continuously with short intermittent interruptions of the run for periodic cleaning of the clogged needle tip from time to time. Figure 1 shows the experimental setup and the electrospinning in progress and the nonwoven matt of the electrospun cermer composite deposited on the collector plate pair.
C. Processing and characterization of the electrospun fibers
After spinning was complete, small amounts of the as-spun composite fibers were used for viewing under a scanning electron microscope. This allowed one to ensure the quality of fibers in terms of the absence of intertwining, twisting, branching, liquid globule entrapment, etc. The remaining fibers collected on the ceramic plates were fired at 700 C for 2 h in static air according to the following heating-rate/temperature/soak-time profile: 25 C (room temperature) to 500 C at a rate of 0.5 /min with a hold at 500 C for 2 h; 500 to 700 C at a rate of 0.5 /min with a hold at 700 C for 2 h, followed by cooling from 700 C to room temperature at a rate of 0.5 /min. The rather small heating and cooling rates were chosen so to ensure the removal of organic components without destroying the nanofibrillar morphological features in the end product and also to avoid the disintegration of the nanofibers into a powdery mass. The final product was TiO 2 in one case and TiO 2 doped with Fe 3 O 4 in the other, the latter being endowed with a brownish orange tinge.
The fired samples were characterized by a host of techniques, such as powder x-ray diffractometry (XRD; PANalytical X'Pert Pro MPD), scanning electron microscopy (SEM; Philips XL30FEG SEM, Hillsboro, OR), and scanning transmission electron microscopy (STEM; Hitachi HD-2300 STEM, Pleasanton, CA); both SEM and STEM were used with attachments capable of carrying out energy-dispersive spectroscopy (EDS).
D. Preparation of the Escherichia coli culture
The Escherichia coli (E. coli) No. 23724 bacteria were obtained in freeze-dried form (American Type Culture Collection, Manassas, VA). The dry pellet was rehydrated in 2 mL of a superbroth containing 32 g tryptone, 20 g yeast extract, and 5 g NaCl (all from Fisher Scientific, Waltham, MA) per liter of aqueous solution made with ultrapure water with a conductivity of 5.5 Â 10 À8 S-cm. The superbroth solution was sterilized in an autoclave at 121 C for 10 min at 18 psi, followed by cooling to room temperature (21 C) prior to storage in a refrigerator at 5 C. The rehydrated E. coli was diluted with 100 mL of superbroth and placed in a sterilized 250 mL flask. Sterilization was carried out by autoclaving the flask at 122 C for 20 min at 18 psi followed by drying for additional 20 min. The suspension was incubated in a shaker at 37 C for 12 h. For the restorage of the E. coli, the solution was spun down in a centrifuge until a pellet formed below a clear solution. The solution was decanted and pellet recovered to which 10 mL of 10% glycerol (Fisher Scientific) solution of superbroth was added to suspend the pellet again. The suspension was transferred to Eppendorf tubes and stored in a freezer at À80
C.
E. Bacterial growth
For the bacterial growth, 100 mL of superbroth was inoculated with a sterile 10 mL loop (Fisher Scientific), followed by agitation at 150 rpm for 12 h until the bacteria culture reached the stationary phase. To determine the cell concentration, optical density at 600 nm was measured using a Perkin Elmer Multilabel Counter (Model Victor 3 1420; Wellesley, MA) in solutions of various dilution of E. coli.
F. Staining of bacteria
For the staining purposes, E. coli suspension containing 2.58 Â 10 8 cells/mL was used. It was diluted with 100 mL of ultrapure water. Live/Dead BacLight Bacterial Viability Kits (Invitrogen, Carlsbad, CA) provide a novel two-color fluorescence assay of bacterial viability that is useful for diverse bacterial genera. In this work, SYTO9 and propidium iodide stains (1 mL of each) were used. The E. coli was left in complete darkness for 15 min at 21
C to complete the staining. Then 40 mL of this solution was pipetted into 35 Â 14 mm glass bottom microwell dish with No. 15 cover glass. To this was introduced approximately 6 mg of the nanofibers. To view the fluorescence given off by these stains, the dish was positioned centrally in the multiphoton laser scanning confocal microscope (model TCS SP5, Leica Microsystems, Bannockburn, IL). Upon photoexcitation, the E. coli stained with SYTO9 fluoresces green and that stained with propidium iodide fluoresces red. The excitation and emission of SYTO9 occurs at 480 and 500 nm, respectively. The excitation and emission of propidium iodide occurs at 490 and 635 nm, respectively.
G. In situ image analysis
To photoactivate the titania nanofibers submerged in the E. coli suspension, the confocal multiphoton microscope system (Leica TCS SP5 MP, Leica Microsystems) was used. This instrument allows adapting the multiphoton system by optimally choosing from IR to picosecond or femtosecond laser and performing experiments with minimal phototoxicity. The reduced phototoxicity due to spatial confinement of excitation is ideal for living cells, which is crucial for this work to establish unequivocally that the observed bactericidal effect is due to the photocatalytic artifact of the titania nanofibers upon excitation and not due to photons alone.
In one experiment, the multiphoton beam (l ¼ 820 nm) generated by the in-built pulsed IR laser was turned on for 3 s and multiple real-time videos and still shots were recorded for 5 min segments. The activity with respect to the bacterial colony was captured within the intervening period. The reason for using the MP beam (l ¼ 820 nm) is owing to its use in the photoactivation of green fluorescent proteins. 16 After several iterations, it was found that only 3 s of excitation by the MP beam was adequate for causing effective bacterial death. In a simulated experiment, the E. coli broths containing titania nanofibers were also irradiated by a handheld portable IR flashlight (l ¼ 830 nm; www.maxmax.com, Carlstadt, NJ). In this case, the flashlight was turned on for 12 s; longer exposure time (compared with the MP laser) is due to the low intensity of the IR flashlight. Because a majority of bactericidal experiments using titania photocatalyst to date have used a UV source, [17] [18] [19] [20] [21] one set of data were created by using a handheld UV light source (l ¼ 365 nm; Spectroline, model ENF-260C, Westbury, NY) for ready comparison of the results. In the case of UV exposure, excitation duration was varied between 3 s and up to 20 min. The survival rate of the microorganism was determined by using the imaging software called ImageJ (image processing and analysis in Java-National Institute of Health). This software allows one to count the bacteria to determine the amount of live cells compared with the total number of cells.
III. RESULTS AND DISCUSSION
The morphological features of the as-spun titania and iron-doped titania cermer composite nanofiber are shown in Figs C for 2 h. The intact nature of the nanofibers in layered nonwoven matty format seen in the as-spun materials was retained in the calcined samples as well. This is by virtue of the scheme of slow ramp rate of firing adopted in this work. Even a slightly higher ramp rate has been found to cause severe fiber rupturing, due to faster combustion of the polymer with a concomitant and sudden release of copious amount of gaseous products, rendering them into a powdery mass. The energy-dispersive spectra (EDS; not shown here) collected on the two fired compositions did not show any peak belonging to carbon, signifying that the heating profile selected in this work was able to eliminate the polymeric components quantitatively. X-ray diffraction patterns collected on the powders of the pure and doped TiO 2 nanofibers shown in Fig. 3 were identical, conforming to a mixture of anatase þ rutile phases (ICCD cards 78-2486 and 78-1508/09); the intensity of peaks belonging to anatase phase diminished significantly in the doped sample.
The irreversible transformation of the metastable phase of titania (anatase) into a thermodynamically more stable modification, namely, rutile, occurs upon high-temperature calcination. This phase transition and its kinetics have been studied in great detail in the past and has been shown to be strongly influenced by particle size, 22 cationic and anionic impurities and their nature, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] processing parameters, 38 and other factors. 39 The most important of all, (i) small particles lead to the transformation at low temperatures and (ii) the conversion from anatase to rutile is also greatly assisted by the presence of impurities. In particular, cationic impurities of valence lower than 4 þ accelerate the A to R transition by providing a charge compensation mechanism via oxygen ion vacancy creation that aids atomic transport. The extent of transformation was calculated by calculating the percentage of rutile phase in the two samples, using the Spurr-Myer equation
where F R is the mass fraction of rutile in the sample, and I A h101i and I R h110i are the integrated h101i intensity of the anatase phase and h110i intensity of the rutile phase, respectively. From the raw diffraction intensity data, values of 69.6% and 88.1% were computed for the rutile fraction in pure and Fe-doped titania nanofibers. Accordingly, presence of iron in the doped titania fibers led to the accelerated transition of anatase into rutile phase, though, due to rather low percentage, it was difficult to discern iron oxide in the XRD. The elemental mapping and EDS signature, however, showed the presence of iron in the doped titania nanofibers, as shown in Figs. 4 and 5, respectively. The field emission scanning electron microscopy (FESEM) and TEM images are shown in Fig. 6 . It is evident that the heat treatment used in the present work has preserved the fibrous artifact in the processed material. Moreover, the titania fibers are porous and less than 150 nm across; they comprised interconnected nearly monosized grains ($20 to 25 nm) making the structure breathable and, therefore, quite amenable for the intended medical application. The bactericidal efficacy of the pure and Fe-doped titania nanofibers toward E. coli upon activation by UV (l ¼ 365 nm), multiphoton IR laser (l ¼ 820 nm), and IR (l ¼ 830 nm), is presented in Figs. 7 to 10 ; live cells are identified by green pixels and the dead cells by red pixels.
When titania is exposed to light radiations, a multitude of free radicals are released to provide an oxidizing environment that is conducive for the destruction of a host of organic materials. The assessment of bactericidal effects of TiO 2 particle irradiated by UV light has been examined by researchers to control bacterial infections in clinical applications. Koseki et al. 17 for example, used a 2 ) in the other. It was found that the bacterial survival rate decreased steadily, reaching 9.4% after exposure to UV and 10.9% after exposure to fluorescent light.
Yu et al. 19 have reported the fabrication of Fe-doped TiO 2 films on stainless steel substrates by dip coating followed by calcination and their use as antibacterial agent for sterilization against Bacillus pumilus. In this case, a suspension of Bacillus pumilus of concentration 1 Â 10 7 cfu/mL (colony forming units) was placed onto the TiO 2 -coated stainless steel plate that was irradiated by a UV lamp (intensity rating 630 mW/cm 2 ; l ¼ 365 nm). Their results showed that the active Bacillus pumilus colonies on the titania films subjected to UV illumination decreased by 50% after 2 h of exposure.
In a recent work, Oka et al. 21 studied the inhibition of bacterial colonization of methicillin-resistant Staphylococcus aureus (MRSA) suspensions (1 Â 10 8 cfu/mL) on TiO 2 photocatalytic film prepared by direct oxidization of pure titanium substrate. In this case, the titania coating on Ti was created by etching the latter with 5-10% HF solution followed by soaking in aqueous H 2 O 2 for 2 days. The MRSA suspension on the implant was exposed to the ultraviolet A (UVA) light for 60 min, and the number of colonizing bacteria was estimated. The bactericidal ability of the photocatalyst became A-M. Azad et al.: Bactericidal efficacy of electrospun pure and Fe-doped titania nanofibers apparent after 60 min, when the bacteria had almost disappeared; only about 7% bacteria were found alive. The number of colonizing bacteria on photocatalytic pins also decreased significantly in vivo as well. The titania film was found to be quite effective even against resistant bacterial colonization. Table I summarizes the results of the present work with titania nanofibers made via electrospinning and compares them with those reported on biocidal efficacy of titania powder, using UV radiation and other types of microorganisms. As is well known, the UV radiation has higher photon energy than its IR counterpart. However, , because there are more photons for the time duration compared with the UV; this explains why the IR method used in this work even for shortest period of exposure was much more effective than longer exposure by UV in the cases reported in the literature. We believe that the demonstration of the efficacy of IR light toward infection mitigation in terms of biocidal activity is the first of its kind.
From the foregoing discussion, it is clear that a judicious combination of catalytic artifacts of titania and incident photons is effective in inhibiting bacterial colonization. While ultraviolet beam is effective in treating bacterial infection, it however, necessitates longer exposure to be of quantitative value; in some cases the exposure could last from 20 to 60 min. In comparison, the present work demonstrates that better bactericidal activities were observed with IR exposure for a far shorter duration (3-12 s). Furthermore, a combination of titania in nanofibrillar format with infrared excitation in mitigating colonization is reported for the first time. Finally, the results also demonstrate that the presence of iron oxide in small concentration as a second phase augments these activities. This opens up the possibility of using a nonwoven mat of Fe-doped titania irradiated by a very short pulse of an infrared beam, as an infection mitigation device.
With regard to the next steps in terms of evaluating the electrospun nanofibrillar mats, we plan to gauge the effectiveness (efficacy and/or toxicity) of the material on the underlying wounds or infections. Experiments are in progress to examine the efficacy of titania against S. aurous because it is a BSL2 g-positive bacterium while E. coli is a gram-negative BSL1 agent. The grampositive bacterium has stronger membrane and is likely to be more resistant to the reactive-free radicals created with the photoexcitation of titania. 
IV. CONCLUSIONS
Breathable nanofibers of pure and iron-doped titania with interconnected grains were fabricated by the electrospinning technique, using a benign Ti 4þ precursor. The ceramic fibers were obtained from the ceramicpolymer composite by following a well-designed processing protocol and characterized thoroughly for their structural integrity and microstructural features. Their efficacy for the inhibition of bacterial colonization of E. coli was evaluated by irradiating with multiphoton IR laser for 3 s, UV for 20 min, and a handheld IR beam for 12 s. The confocal microscopic results demonstrated that almost complete bactericidal activities were observed with IR exposure for a far shorter duration (3-12 s) .
To expand the application of nanofibers for wound mitigation and disinfection, assessing their effect on the bacterial spores commonly accepted by medical device community, such as Bacillus pumilus and Staphylococcus aurous is under progress.
